We determined the effect of processing method (dry-rolled [DR] vs steam-flaked [SF]) and degree of processing (flake density; FD) of SF sorghum grain on splanchnic (gut and liver) metabolism of energy-yielding nutrients by growing steers. Diets contained 77% sorghum grain, either DR or SF, with SF at densities of 437, 360, or 283 g/L (SF34, SF28, or SF22). Eight multicatheterized steers (340 kg initial BW) were used in a randomized complete block design. Net output or uptake of glucose, L-lactate, VFA, and β-hydroxybutyrate (BHBA) were measured across portaldrained viscera (PDV), liver, and splanchnic (PDV plus liver) tissues. Net absorption of glucose across PDV was negative and similar for all treatments (average of −104 g/d). Decreasing FD of SF sorghum grain linearly increased (P ≤ .04) net absorption and splanchnic output of L-lactate by 20 and 130%, respectively, and hepatic synthesis (P = .06) and splanchnic output (P = .01) of glucose by 50%. Reducing FD did not alter output or uptake of acetate or n-butyrate by gut and liver tissues,
Introduction
Several reviews (Theurer, 1986; Theurer et al., 1996 Theurer et al., , 1999a Huntington, 1997) have concluded that increasing the proportion of starch digested in the rumen (subsequently reducing the amount of starch digested in the 1 Appreciation is expressed to H. Tagari, J. Simas, and P. Yu for assistance in conducting the experiment; M. Townsend for feeding and care of animals and for grain processing; D. L. Harmon, L. Woo, D. Parker, G. Ghenniwa, and P. Morgan for help in laboratory analyses; R. C. Wanderley for statistical analyses; S. Cameron for surgical help; and L. George-Smith for aid in manuscript preparation. 2 Present address: Universidad Autónoma de Sinaloa, Escuela de Medicina Veteriná ria y Zootécnia, Apartado 1057, Culiacá n, Sinaloa, México, CP 80000. 3 To whom correspondence should be addressed. Received May 19, 1999 . Accepted December 2, 1999 1364 but linearly decreased (P = .06) splanchnic output of BHBA by 40%. Net absorption (P = .18) and splanchnic output (P = .15) of propionate tended to be increased linearly by 50% with decreasing FD. Neither processing method (SF vs DR) nor degree of processing (varying FD) altered hepatic nutrient extraction ratios or estimated net absorption and splanchnic output of energy. Maximal contribution of propionate, L-lactate, and amino acids (α-amino N) to gluconeogenesis averaged 49, 11, and 20%, respectively. Feeding steers SF compared to DR diets did not alter net output or uptake of energy-yielding nutrients across splanchnic tissues, except net absorption of acetate tended to be greater (P = .13) for steers fed DR. Increasing degree of grain processing in the present study, by incrementally decreasing FD, tended to linearly increase the net absorption of glucose precursors (propionate and lactate), resulting in linear increases in synthesis and output of glucose by the liver to extrasplanchnic tissues (e.g., muscle). small intestine) results in greater total starch digestion and improved efficiency of production by beef and dairy cattle. Steam-flaked (SF) compared to dry-rolled (DR) sorghum grain and steam-rolled or ground corn consistently increases ruminal and total starch digestion in ruminants (Theurer, 1986; Huntington, 1997; Theurer et al., 1999b) . Decreasing the flake density of SF corn or sorghum grain below 360 g/L linearly increased ruminal and total starch digestibilities but not efficiency of gain by feedlot steers (Zinn, 1990; Swingle et al., 1999) .
Production responses must be due in part to greater absorption and(or) different partitioning of nutrients by gut and liver (splanchnic) tissues. Gross et al. (1988) found greater net absorption of propionate across the portal-drained viscera (PDV) by steers fed more ruminally fermentable (DR wheat) compared to less fermentable (DR sorghum) high-concentrate diets. Studies to determine the effect of SF grain on postabsorptive metabolism of nutrients are limited. For steers fed SF compared to DR sorghum diets, Theurer et al. (1990 Theurer et al. ( , 1991 reported more net absorption of L-lactate and splanchnic output of acetate and a tendency for greater net absorption of acetate and propionate.
The objective for the present study was to determine net absorption, liver metabolism, and splanchnic output by growing steers of major energy-yielding nutrients (glucose, L-lactate, VFA, and β-hydroxybutyrate [BHBA] ) in response to feeding diets containing 77% SF sorghum grain flaked at three densities or as DR. Postabsorptive N metabolism from these same steers and treatments is reported by Alio et al. (2000) . A companion digestion study was also conducted using identical diets (Theurer et al., 1999b) .
Materials and Methods
Surgical preparation of steers, animal care and housing, sampling protocols, calculations of net fluxes, and statistical analyses have been described (Alio et al., 2000) . This experiment was conducted with approval and under supervision of the University of Arizona Institutional Animal Care and Use Committee. Briefly, eight crossbred steers (340 kg initial BW) were implanted with chronic indwelling catheters into the mesenteric artery and the portal, hepatic, and two mesenteric veins. Before and after surgery, steers were housed in individual pens (2.5 by 5 m) and were allowed free movement at all times except during sampling.
Diets contained 77% sorghum grain either DR or SF at three different densities, 437, 360, and 283 g/L (referred to, respectively, as SF34, SF28, and SF22, reflecting bushel weight in pounds as used in commercial feedlots). Multiplying densities in grams per liter by .0777 results in pounds per bushel (Merck, 1983) . Traditionally, in the feedlot industry, and in our study, densities are measured as the SF grain exits the roller mill and are expressed on an "as-is" basis. The DM content of SF grains exiting the rollers was 81.2% in the present study. Preparation of DR and SF sorghum grain and ingredient composition of diets (12.8% CP, 64.1% starch, and 2.99 Mcal ME/kg DM) have been described (Theurer et al., 1999b) , except Cr 2 O 3 was not included. Steers were offered ad libitum access to diets; feed was offered twice daily at 0700 and 1900. Daily intakes of DM (6.9 ± .3 kg/d), starch (4.4 ± .2 kg/d), N (142 ± 6 g/d), and ME (21.0 ± .8 Mcal/d) were similar among treatments (Alio et al., 2000) . The dietary treatments were randomly allotted to each steer over four sampling periods. During each period, steers were switched from one diet to the next during 5 d and then were maintained on the experimental diet for an average of 11 d before blood sampling. In vitro extent of starch hydrolysis (30 min; Poore et al., 1991) was determined for four grain samples each of DR, SF34, SF28, and SF22 collected throughout the experiment (one sample per period).
Six sets of blood samples for each steer on each sampling day were drawn simultaneously from the mesenteric artery and portal and hepatic veins, and sampling started at 0700, before morning feeding, and continued every 2 h until 1700, as described by Alio et al. (2000) . Samples were immediately placed on ice until analyses of p-aminohippurate, glucose, and L-lactate on fresh blood were completed, usually within 2 h after sampling. Aliquots of blood samples were frozen at −80°C and stored for VFA and BHBA analyses.
Fresh individual blood samples were analyzed for paminohippurate (Alio et al., 2000) , and for glucose and Llactate by the enzyme sensor technology of Yellow Spring Instrument (YSI Model 2700, Yellow Spring, OH). Analyses of acetate, propionate, n-butyrate, iso-butyrate, 2-methyl-butyrate, and BHBA were conducted using frozen composite blood samples within sampling site for each steer and each diet. Samples were deproteinized and prepared for chromatographic analysis using cation and anion exchange columns (Reynolds et al., 1986) , with the following three modifications by Sadik (1997) : 1) the internal standard was added to the supernate after the deproteinization step; 2) .5 mL of 1 M Tris buffer was added to the internal standard and supernatant mixture to stabilize pH at 6.7 to 6.9; and 3) 10 mL of 10 mM NaOH in 10% ethanol was used as the eluent to improve recovery of VFA from the anion exchange column.
Determination of individual VFA and BHBA concentrations was by GLC (VA 3300; Varian Associates, Walnut Creek, CA) using a packed glass column (Carbopak B-DA 4% Carbowax, 20 M; Supelco, Bellefonte PA) with injector, column, and detector temperatures set at 200, 175, and 230°C, respectively. Valerate (not detected) and 3-methyl-butyrate (eluted with lactate) were not reported.
Calculation of hepatic and portal blood flows and net nutrient fluxes have been described (Alio et al., 2000) . Hepatic extraction ratios for L-lactate, propionate, n-butyrate, and the other 4-carbon VFA were determined according to Brockman and Bergman (1975) . Maximal contributions of L-lactate, propionate, and amino-acids (α-amino N from Alio et al., 2000) to glucose synthesis were calculated assuming a contribution of three carbons per mole of precursor utilized . The experimental design was a randomized complete block. The model and statistical analyses have been described (Alio et al., 2000) . Data were analyzed with daily means (average of six values) for each steer and processing treatment by the GLM procedure (Minitab, 1996) . Grain processing effect was determined by con- b DR = dry-rolled; SF34, SF28, and SF22 = steam-flaked at densities of 437, 360, and 283 g/L, respectively, measured on an "as-is" basis as grain exited the rollers. c C = contrast, DR vs (SF34, SF28, and SF22); LIN = linear effect, and Q = quadratic effect within SF sorghum treatments.
trast, DR vs all SF treatments, and flake density effect by polynomial contrasts for linear and quadratic responses. Statistically significant differences were declared for P ≤ .07 and a tendency for .07 > P ≤ .19. Due to incomplete data (lack of or improper functioning of catheters) on certain animals, all tabular values (except Table 1 ) are least squares generated means.
Results and Discussion

Starch Hydrolysis
The percentage of grain starch hydrolyzed in vitro by amyloglucosidase in 30 min was much less (21 vs average of 67%, P = .01) for DR than for SF (SF34, SF28, and SF22; Table 1 ). In vitro hydrolysis of starch of SF grains also increased linearly (P = .01) from 54 to 80% as flake density was reduced from SF34 to SF22. These increases in laboratory starch hydrolysis with decreasing flake density were similar to in vitro starch hydrolysis and in vivo starch digestibility increases obtained in our companion trial (Theurer et al., 1999b ) and other in vivo digestibility studies (Swingle et al., 1999; Theurer et al., 1999c) . These changes are due to the disruption of the protein matrix surrounding the starch granules in the grain endosperm as well as gelatinization of the starch granules (Rooney and Pflugfelder, 1986) .
Glucose and L-Lactate Output and Uptake
Portal and hepatic blood flows have been reported by Alio et al., 2000 . Net glucose absorption across the PDV (−24 mmol/h or −104 g/d) was similar for steers fed DR and SF diets and was not altered by flake density (Table  2) . Summaries from recent reviews (Theurer et al., 1996 (Theurer et al., , 1999a Huntington, 1997) and our companion study (Theurer et al., 1999b) clearly established that feeding SF compared to DR sorghum grain consistently increased the proportion of dietary starch digested in the rumen and decreased the proportion digested in the small intestine. We expected glucose absorption would be greater for DR than for SF diets, because there was approximately .5 kg more starch from DR digested in the small intestine by steers fed the same diets in a companion study (Theurer et al., 1999b) . In contrast to the present study, Theurer et al. (1990) reported that net glucose absorption across PDV was less negative for diets containing DR compared to SF sorghum (257 g/L or 20 lb/bu).
Net absorption of glucose across the PDV in most growing beef studies is usually negative, because uptake of arterial glucose by PDV exceeds net absorption of luminal glucose (Huntington and Eisemann, 1988; Huntington, 1990 ). Reynolds and Huntington (1988) , Theurer et al. (1990) , and Huntington et al. (1996) demonstrated a net release of glucose by the mesenteric-drained viscera (primarily intestines) and a net uptake of glucose by stomach tissues of steers fed high-grain diets. Although the presence of sufficient Na-glucose transporters (SGLT1) allows glucose absorption into the enterocytes (Shirazi-Beechey et al., 1991; Bird et al., 1996) , the lack of sufficient glucose transporters (GLUT2) inside the enterocytes to transport this metabolite to the blood in ruminants (Zhao et al., 1993) may reduce the amount of glucose released to the mesenteric vein.
Bovine ruminal and intestinal tissues extensively utilize glucose. Okine et al. (1994 Okine et al. ( , 1995 , using layers of intestinal epithelium from dairy cows, demonstrated that approximately 50% of the glucose was utilized as an energy source by enterocytes. In contrast to nonruminants, the bovine enterocyte produced more total ATP from glucose than from glutamine. Harmon (1986) reported greater glucose metabolism or uptake by isolated rumen epithelial cells when energy intake by steers was increased. High protein turnover in gastrointestinal cells requires extensive O 2 (or energy) use (Reynolds and Maltby, 1994) . Because of the extensive use of glucose for energy by enterocytes and high glucose metabolism by ruminal epithelium, the net glucose absorbed across the PDV apparently is quantitatively of little significance in rapidly growing ruminants fed high-concentrate diets.
Hepatic gluconeogenesis (327 mmol/h; 1,413 g/d) and splanchnic output (302 mmol/h; 1,305 g/d) of glucose to the rest of the body did not differ for steers fed DR compared to SF diets (Table 2) , even though hepaticarterial concentration differences were greater (P = .02) for DR (Table 3 ). These mean values are similar to those of Theurer et al. (1990) with steers fed diets similar to those in the present study (who also found no effect of SF vs DR) but are much higher than mean values from other experiments with steers fed lower amounts of high-concentrate diets (Huntington, 1989; Huntington et al., 1996) .
As flake density of SF sorghum decreased, net synthesis by the liver (P = .06) and splanchnic (gut and liver) output of glucose (P = .01) increased linearly by approximately 50% (Table 2) . These linear effects were largely due to linear increases (P = .01) in hepatic-arterial concentration differences of glucose as flake density decreased (Table 3) .
Net L-lactate absorption across PDV (120 mmol/h), liver uptake (−72 mmol/h), and output by splanchnic tissues (54 mmol/h) did not differ between DR and SF diets (Table 2) . Theurer et al. (1990) found that feeding steers SF compared to DR sorghum increased net Llactate absorption across ruminal and intestinal tissues and PDV but did not alter hepatic uptake or splanchnic output. b DR = dry-rolled; SF34, SF28, and SF22 = steam-flaked at densities of 437, 360, and 283 g/L, respectively, measured on an "as-is" basis as grain exited the rollers. Number of original observations for DR, SF34, SF28, and SF22, respectively, are 6, 7, 7, and 6 for PDV means; 5, 4, 5, and 4 for liver means; and 7, 4, 6, and 6 for splanchnic means. As flake density decreased, net L-lactate absorption across the PDV and output by splanchnic tissues increased linearly (P ≤ .04) by 20 and 130%, respectively (Table 2) . These changes were due largely to a quadratic increase (P = .01) in portal-arterial and a linear increase (P = .01) in hepatic-arterial concentration differences for L-lactate with decreasing flake density (Table 3) . There was a numerical decrease (36%) in net liver uptake of L-lactate as flake density decreased.
VFA and β-Hydroxybutyrate (BHBA) Output and Uptake
Net acetate absorption across the PDV tended (P = .13) to be 20% lower (431 vs 547 mmol/h) for steers fed SF compared to DR diets (Table 2) , with no changes in net propionate absorption (364 mmol/h). The greater a DR = dry-rolled; SF34, SF28, and SF22 = steam-flaked at densities of 437, 360, and 283 g/L, respectively, measured on an "as-is" basis as grain exited the rollers. b C = contrast, DR vs (SF34, SF28, and SF22); LIN = linear, and Q = quadratic effects within SF treatments. c P-A = portal-arterial concentration differences; H-A = hepatic-arterial concentration differences. Number of animal observations for DR, SF34, SF28, and SF22, respectively, are 8 for all arterial; 6, 7, 7, and 6 for P-A means; and 7, 5, 6, and 5 for H-A means. e Largest SEM is presented for the treatments with the lowest n. f Detected only in portal blood; thus, P-A may not be valid.
ruminal digestion of starch for SF compared to DR by steers fed the same diets in our companion trial (Theurer et al., 1999b) would suggest greater, not lesser, absorption of acetate and propionate for steers fed SF diets. Net fluxes of acetate and propionate across liver and splanchnic tissues were not altered by DR vs SF treatments.
These data are in contrast to the greater splanchnic output of acetate (+40%), and the tendency for more net absorption of acetate (+25%) and propionate (+20%), by steers fed similar diets containing SF20 vs DR sorghum grain (Theurer et al., 1991) . Gross et al. (1988) also demonstrated greater net PDV absorption for propionate, but not acetate, with steers fed high (DR wheat) compared to low (DR sorghum grain) ruminally fermentable diets. Feeding steers SF vs DR sorghum grain did not alter net absorption, liver uptake or output, and splanchnic output of n-butyrate, iso-butyrate, 2-methyl-butyrate, or BHBA (Table 2) .
Decreasing flake density did not alter net uptake or output of acetate or n-butyrate across PDV, hepatic, or splanchnic tissues but tended to increase net absorption (P = .18) and splanchnic output (P = .15) of propionate by 50% (Table 2) . Reducing flake density tended to linearly increase iso-butyrate (P = .17) and tended to linearly decrease 2-methyl-butyrate (P = .09) net absorption across the PDV. Liver uptake of 2-methylbutyrate (P = .19) and hepatic output of BHBA (P = .16) tended to decrease linearly as flake density was lowered. The 2-methylbutyrate was detected only in portal blood; thus, PDV and liver fluxes of this VFA may not be valid. Liver uptake was not altered by flake density for acetate, propi-onate, n-butyrate, or iso-butyrate. Release from splanchnic tissues of BHBA, but not n-or iso-butyrate, decreased linearly (P = .06) when flake density decreased. Most of these flux changes were reflected in corresponding changes in venous-arterial concentration differences (Table 3) .
Using ruminal starch digestibility coefficients from our companion digestion trial with the same SF treatments (Theurer et al., 1999b) and mean starch intakes from the present trial, we found that estimated amounts of starch digested in the rumen were increased (3.3, 3.6, and 4.0 kg/d for SF34, SF28, and SF22, respectively) with decreasing flake density. Based on number of carbons, this incremental increase in ruminal starch digestion with lower flake density could explain in part the tendency for the incremental increase in net absorption of propionate.
Liver Extraction Ratios and Maximal Nutrient Contribution to Gluconeogenesis
Hepatic extraction ratios of propionate (80%) and isobutyrate (76%) were relatively constant among the treatments (Table 4) . As flake density was decreased, the hepatic extraction ratio for L-lactate tended (P = .18) to decline linearly and the ratio for n-butyrate tended to increase linearly (P = .19). The maximal contribution of propionate (49%) and of α-amino N (20%) to gluconeogenesis did not differ among treatments. The data for the α-amino N contribution were obtained from our companion study (Alio et al., 2000) . The maximal contribution of Llactate to hepatic synthesis of glucose decreased linearly (P = .06) from 20 to 6% with diminishing flake density. With similar SF and DR diets (Theurer et al., 1991) , propionate could account for 58% of hepatic glucose synthesis.
In the present study, the linear decline in the hepatic glucose contribution from L-lactate, as flake density de- a DR = dry-rolled; SF34, SF28, and SF22 = steam-flaked at densities of 437, 360, and 283 g/L, respectively, measured on an "as-is" basis as grain exited the rollers. Determined according to Brockman and Bergman (1975) .
e Calculated assuming a contribution of 3 carbons/mole of precursor removed . creased, paralleled the tendency for a linear increase in net absorption and the numerical increase in net hepatic uptake of propionate. According to Brockman (1993) , greater propionate availability affects the hepatic uptake of other metabolites; principally, it reduces lactate uptake by the liver. Probably the greater availability of glucose precursors increased liver glucose synthesis. As flake density decreased, net absorption of propionate and L-lactate (Table 2 ) and amino acids (α-amino N; Alio et al., 2000) increased linearly. The 43% increase in net amount of propionate taken up by the liver with decreasing flake density paralleled the 48% linear increase in hepatic glucose synthesis.
Energy Metabolism
As expected, the estimated net absorption of energy by the PDV and net release of energy from splanchnic to peripheral tissues from the different metabolites (Table 5) followed the same pattern among the treatments as did the net PDV and splanchnic fluxes of nutrients ( Table 2 ). The net absorption of total energy from all metabolites tended (P = .18) to decrease (9.9 vs 11.9 Mcal/d) in steers fed SF compared to DR diets, but not with flake density. These results are in contrast to those reported by Theurer et al. (1991) , who found 20% greater net absorption of energy from steers fed SF20 compared to DR sorghum diets.
In the present study, the total net absorption of energy (Table 5) , expressed as a percentage of calculated ME intakes, averaged 49%. Propionate provided the most net absorption of energy for each treatment (overall mean = 3.2 Mcal/d, or 30% of total), and VFA provided 58% of the estimated total energy absorbed by these steers. Theurer et al. (1991) reported greater values for propionate (3.8 Mcal/d or 38%) and VFA (80%) as a percentage of total energy absorbed by steers fed DR and SF20 sorghum grain. The latter percentage values are greater, b DR = dry-rolled; SF34, SF28, and SF22 = steam-flaked at densities of 437, 360, and 283 g/L, respectively, measured on an "as-is" basis as grain exited the rollers. Number of animal observations for DR, SF34, SF28, and SF22, respectively, are 6, 7, 7, and 6 for PDV absorption and 7, 5, 6, and 5 for splanchnic output. e Largest SEM is presented for the treatments with the lowest n. f Calculated from heats of combustion (Gross et al., 1988) ; β-hydroxybutyrate (BHBA) was assumed equal to 4-carbon VFA. g Calculated using α-amino N data from Alio et al. (2000) . in part, because BHBA was not measured and included in the total energy value. Without BHBA in the energy total of the present study, propionate and VFA constituted 34 and 65% of total energy absorbed.
The net release of total energy by splanchnic tissues was not altered by method of processing (DR vs SF) or by extent of processing (flake density; Table 5 ). Glucose provided 46% of the estimated total amount of energy released by the gut and liver (splanchnic tissues) to muscle and other peripheral tissues. Acetate release provided approximately one-half of the energy released from glucose. These results are in agreement with the data of Theurer et al. (1991) for glucose energy release, but splanchnic energy from acetate, expressed as a percentage of the energy released from glucose, was greater (60 and 80% for DR and SF20, respectively).
In conclusion, increasing the degree of grain processing by incrementally decreasing the flake density of SF sorghum grain in the present study altered the partitioning of energy-yielding nutrients by the gut and liver of growing steers. Decreasing flake density linearly increased the hepatic synthesis and splanchnic release of glucose, due to linear increases in availability of glucose precursors (net absorption of propionate and L-lactate). With these same steers, reducing flake density also linearly increased the net absorption of α-amino N and urea cycling to the gut (Alio et al., 2000) . These results are in agreement with those from the companion digestion study (Theurer et al., 1999b) , in which decreasing flake density of SF sorghum linearly increased the proportion of starch degraded in the rumen and increased total digestibility of starch and N by steers fed these same SF diets.
The optimal flake density of SF sorghum grain was 283 g/L (SF22), or lower, based on results from the present postabsorptive metabolism study. This flake density is lower than the optimal flake density of 360 g/L (SF28) for maximal efficiency of gain by feedlot steers (Swingle et al., 1999; Theurer et al., 1999c) . In these reported feedlot trials, steers fed SF22 or SF20 sorghum grain consumed less DM and were no more efficient than steers fed higher flake densities (SF28 to SF30). The large linear increases in hepatic synthesis and splanchnic output of glucose to muscle and other peripheral tissues with increased degree of grain processing (decreased flake density), suggests that optimal feedlot performance should occur with the lowest flake density that will not substantially decrease ME intake by growing or finishing steers.
Implications
Increasing the degree of grain processing, by decreasing the flake density of steam-processed sorghum grain, will alter the partitioning of energy-yielding nutrients by the gut and liver of growing steers fed high-grain diets. Decreasing flake density from 437 to 360 to 283 g/L (34 to 28 to 22 lb/bu) may linearly increase the availability of glucose precursors (greater propionate and Llactate absorption), resulting in linear increases in glucose synthesis by the liver and output of glucose from the gut and liver to muscle and other body tissues. These improvements in glucose availability help explain the improved efficiency of gain by feedlot steers fed steamprocessed sorghum grain flaked to moderate flake densities of 360 g/L (28 lb/bu) compared to greater flake densities.
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